Abstract: This paper introduces the synchronous micromotor concept and presents new investigations on its application as an integrated driving mechanism in microfluidic systems. A spiral channel viscous micropump and a microstirrer are considered and tested as examples to verify the concept. The fabrication technology of such integrated systems is based on UV depth lithography, electroplating and soft lithography. The synchronous micromotor consists of a stator including double layer coils, and a rotor disk containing alternate permanent magnets. The coils are distributed evenly around the stator and arranged in three phases. The phases are excited by sinusoidal currents with a corresponding phase shift resulting in a rotating magnetic field. Regarding the spiral channel viscous micropump, a spiral disk was fixed onto the rotor disk and run at different rotational speeds. Tests showed very promising results, with a flow rate up to 1023 µL·min −1 at a motor rotational speed of 4500 rpm. Furthermore, for the application of a microstirred-tank bioreactor, the rotor disk design was modified to work as a stirrer. The performance of the developed microbioreactor was tested over a time period of approximately 10 h under constant stirring. Tests demonstrated the successful cultivation of S. cerevisiae through the integration of the microstirrer in a microbioreactor system. These systems prove that synchronous micromotors are well suited to serve as integrated driving mechanisms of active microfluidic components.
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Introduction
For marketing purposes, new technical products should demonstrate extensive functionality, high reliability, low power consumption, and portability wherever applicable. There are two approaches to meet these challenges. The first is the mechatronics approach. It stands for the synergistic integration of mechanics, electronics, control theory, and computer science within product design and manufacturing [1] . This concept leads to improved technical performance. The second is the microtechnology approach. This approach can be used to miniaturize mechatronics products; thereby, it provides additional potential for the creation of high-quality products. The latter approach has caused the rapid development of micromechatronics technology, which integrates signal processing with miniaturized sensors and actuators. Today, micromechatronic systems play an important role in many fields of application such as automotive engineering, communication technology, biomedical engineering and environmental protection.
In the last decade, extensive work on micro-sensors has taken place. As a result, highly advanced microsensors have been developed with well-founded scientific theory and understanding. On the other hand, microactuators are still in an early stage of development. Microactuation allows for numerous new applications of micromechatronic systems. They have become key elements, for example, in micropositioning and microhandling systems [2] as well as in microfluidic devices.
Initially, electro-static and thermomechanical principles have been applied to microactuation due to the fact that all fabrication processes for these microactuators were available from integrated circuit technology. More sophisticated principles such as piezoelectricity, shape memory alloys, and magnetism emerged more slowly.
At an early stage of development, a number of publications presented arguments favoring electrostatic over magnetic microactuation [3] . Nevertheless, magnetic microactuators offer considerable performance advantages [4, 5] , for example large actuation forces, large deflections, low driving voltages resulting from low input impedances, and robustness under harsh environments. However, the fabrication process is technologically challenging for many reasons. Key elements of magnetic microactuators are three-dimensional microcoils and sophisticated hard and soft magnetic microstructures, which correspond to wound coils and magnets in bulk actuators. In order to achieve high forces, both the electric conductors of the microcoils and the magnetic flux guide structures need to provide large cross sections to allow for sufficiently high current and magnetic flux, respectively. Problems also originate from the thickness of the dielectric layers serving as both insulation and planarization layers. These features demand high aspect ratio fabrication processes.
Recently, much progress has been achieved concerning the fabrication of magnetic microactuators. Applying UV depth lithography based on new types of photoresists [6] , micro-electroplating techniques and micromachined polymer magnets linear and rotational micromotors have been developed [2] . Three drive schemes are of particular importance: the variable reluctance stepping motor, the hybrid stepping motor and the synchronous motor [7] . Stepping motors exhibit the capability of rather small incremental motion, whereas for synchronous motors the simple design is advantageous.
The integration of the driving mechanism on the same chip offers considerable reduction of the overall chip size and its packaging complexity. Due to their unique performance as integrated driving mechanisms of active components and systems, magnetic microactuators such as synchronous micromotors promise novel applications in active microfluidic devices such as micropumps, microvalves and micromixer.
This work provides a brief review on selected examples of externally driven microfluidic systems, and reports on the synchronous micromotor concept and fabrication. In addition, it reviews recently published micropumping concepts driven by the synchronous micromotors and describes new biotechnological application of synchronous micromotor as a microstirrer for microbioreactor providing continuous homogenization of biomass suspension. It also presents the successful testing of a spiral channel micropump.
Externally Driven Microfluidic Systems
Viscous micropumps are pumps that use viscous stresses to transport fluid between inlet and outlet ports (e.g., spiral-channel, single and double disk micropumps) [8] . They are composed of rotating disk(s), a curved channel circular/spiral, and inlet and outlet ports located at the ends of the channel, which allow constant pumping flow rates (Figure 1 ). Due to the dominant viscous forces, the fluid is dragged between the inlet and outlet ports through rotating the spiral channel below a flat plate or the single/double disks in close proximity to the circular channel. As shown in Figure 1 , the area bounded between the channel walls and the disk(s) form the pump chamber. Quantitative lists of viscous micropumps geometrical dimensions, operating speeds and flow rates are provided in The single disk micropump was implemented, for real application, for characterizing the failure of an array of SU-8 microstructures. The mechanical microstructures were fabricated on the rotating disk with dimensions of 290 µm in length and 100 µm in height [15] . The structure's failure was found to occur generally between 12,000 and 120,000 cycles, and was attributed to fluid shear stress, and to centrifugal forces due to disk rotation.
Even though these micropumps offer great potential in biotechnological applications, where manipulation of viscous fluids is required, they suffer from some mechanical problems, such as the need for external driving motor and leakage from the shaft connecting the rotor and the motor.
Another interesting concept is the polymer based vortex micropump that converts kinetic energy into fluid power through rotating a straight copper blade impeller sets into circular pump chamber. The impeller is driven by an external DC motor and runs at different rotational speeds. The fluid enters the pump through an inlet near to the pump center and moved toward to the outer diameter of the pump chamber [13] . The pump flow rates have been measured experimentally, where a maximum flow rate of 2.45 mL·min −1 has been reached at zero back pressure and at an operating voltage of 3 V. The minimum recorded flow rate was 0.02 mL·min
at a startup voltage of 0.5 V. The maximum recorded pumping pressure was 7105 Pa at 2 V [13] .
The pump was proposed to be suitable for digitally controllable integrated microfluidic systems where controllable micro fluidic delivery and transport are required. Therefore, a concept validation prototype that consists of two vortex micropumps, two tesla valves and a "Y" shaped microchannel was assembled and tested in a chip. The aim of this test was controlling and manipulating the flow of water and red ink liquids in the Y shaped branches. Results showed that due to the fast response of the vortex, micropump liquids can be swapped in the desired microchannel by controlling the higher pumping pressure of that liquid [13] . The proposed system requires two pumps, and accordingly two external prime movers (DC motors). The blade's micro-impeller is made from copper, which makes it less suitable for biotechnological applications where biocompatible materials are required. In addition, external driving motors make the chip larger in size and more complicated in packaging and the risk of leakage becomes much higher. Permanent magnets are important components of magnetic microactuators due to their potential for larger forces and larger deflections. In order to be able to integrate permanent micromagnets of arbitrary shape and high thickness, a special lift-off process has been developed. A hard magnetic powder is mixed with a polymer. Ceramic ferrites with particle size of about 1 µm and rare earth alloys with particle sizes between 6 µm and 9 µm have been investigated at concentration levels of up to 90 weight percentages. More details on polymer magnets' fabrication are available in [17] .
The pasty hard magnetic composite is filled into SU-8 molds, which are patterned using UV depth lithography. In the SU-8 lithography process, the height of the magnets is adjustable depending on the dimension of the required magnets. The manufactured maximum structural height amounts to 600 µm. The magnetization process is carried out with special equipment that consists of a coil wound around a soft magnetic core with an integrated air gap. The current feed of the coil enables a tunable magnetic flux density in the air gap where the polymer magnet is inserted. After magnetization, permanent micromagnets with a residual induction were obtained which are dependent on the powder type and the dimensions of the magnets. Maximum values of 300 mT (NdFe), 200 mT (SmCo) and 120 mT (barium ferrites) are measured using vibrating sample magnetometer.
Micromotor Operated Microfluidic Systems
Reducing the dimensions of the microfluidic system driving mechanism offers the possibility of reducing the total system dimensions and hereby its packaging complexity. The successful development and implementation of synchronous micromotor as integrated driving mechanism of microfluidic systems would open new biomedical/biotechnological applications where manipulating of fluids of different viscosities is a big challenge. This section will report on previously published microfluidic devices/systems driven by integrated micromotors.
Micro Gear Pump
For the realization of the micro gear pump [14] , two synchronous motors are combined and enclosed by an SU-8 chamber wall. Additionally, teeth with involute shape are placed on the outer diameter of the rotors forming gears (Figure 3 left) . One gear driven by the three-phase system actuates the other gear which rotates in the opposite direction. While rotating, the fluid is drawn from the inlet, split to both gears and transported in the space between the teeth and the chamber wall. Both fluid streams are combined and displaced to the outlet. Because of the involute gearing, two teeth are in contact in the center line so that the return path is blocked. The system is closed by a structured glass cover which is fixed on the top of the chamber (Figure 3 right) . The pump rate p V  is approximated by:
where q is the number of spaces between two teeth, V e is the volume of one space and depends on the height, diameter, module and number of teeth and N is the rotational speed. For realizing different pump volumes, variations of gear design parameters were carried out. By doing so, miscellaneous gear pumps were fabricated with chamber lengths ranging between 7.5 mm and 10 mm and 300 µm in height providing theoretical pump rates in the range of 3.2-5.8 µL per revolution. In first tests, the pumps were successfully tested ( Figure 3 left) with minimum current of 60 mA and maximum rotational speeds up to 1000 rpm. A pump rate of 150 µL·min
was obtained for one pump type at a rotational speed of 150 rpm [14] .
The first experiments on integrating the synchronous micromotor concept in microfluidic systems have been successfully conducted on a micro gear pump. For the realization of the integrated micro pump, teeth of SU-8 with involute shape, similar to a gear shape, were designed and fabricated on the outer diameter of the synchronous motor rotor. Two of these gears were combined, assembled and enclosed by a structured glass in an SU-8 chamber. The gears are rotated in the opposite direction to enable transporting the fluid from the inlet to the space between the teeth and the chamber walls and then displaced to the outlet. The pump was run successfully for maximum rotational speeds up to 1000 rpm. However, a pump flow rate of 150 µL·min −1 was achieved for only one type of developed pump dimensions at a rotational speed of 150 rpm [17] .
Centrifugal Micropump
As for the centrifugal force pump, the rotor of the synchronous micro-motor was modified to take a toothed disc shape (gear) as shown in Figure 4 [18] . The rotor was mounted onto the stator and adjusted by an integrated guidance. The toothed rotor was made of alternate magnets, which were realized by using polymer magnet fabrication technology.
The pump was fabricated with diameters ranging between 3 mm and 8 mm, and pump chamber height of 300-400 μm. For the experiments, a water-ethanol-mixture was used as a working fluid. The pump chamber was filled with the fluid and the driving current was then increased incrementally. Tests showed that when the chamber was filled with fluid, 100 mA was required for continuous rotor rotation compared to tests without a fluid. The pump was successfully driven over a long period of time with variable rotating speed up to 4000 rpm. Although no flow rate measurements have been reported by this study, it was recommended to apply this actuation concept for biotechnological applications like the cultivation of bacteria or yeast cells where homogeneous nutrition supply is necessary for growing. This recommendation has been considered and tested as an application in this study. 
New Applications of Synchronous Micromotors in Microfluidic Systems
Portable microfluidic lab-on-a-chip systems based on integrated driving mechanisms are highly challenging and still under development [19, 20] . Most of these chips require microfluidic components for fluid handling applications such as pumping and mixing. However, several miniaturized components were driven with external actuators [21] . This section introduces the spiral channel viscous micropump and the microstirrer as microfluidic components that can be used as active integrated components in microfluidic systems.
Spiral Channel Viscous Micropump
Generally, the spiral channel viscous micropump consists of a rotational spiral channel-disk, a flat cover, fluid inlet and outlet ports (Figure 5a) , and a driving motor. The inlet and outlet ports are located at either ends of the spiral channel.
The spiral channel disk is driven by the motor and spins in close proximity to the flat cover. Consequently, the dominant viscous drag force between the rotational disk and the working fluid forces the flow to be in a direction tangentially to the element's motion. This fact creates a Couette-Poiseuille-type flow in the pump chamber between the rotating element and the stationary surface of the cover [8] . The flow direction can be simply reversed by changing the spiral channel-disk rotational direction, i.e., clockwise (CW) or counter clockwise (CCW).
In this work, a microfabricated spiral pump with synchronous micromotors as an integrated driving mechanism has been successfully developed and tested. It comprises a spiral channel disk, a polycarbonate cover including fluid inlet and outlet ports, and a synchronous micromotor (Figure 5b ).
The spiral channel disks were fabricated of SU-8 photoresist using UV depth lithography. Their fabrication process begins by electroplating first a 2 µm sacrificial copper layer onto a ceramic substrate (Figure 6a) . A 50 µm SU-8 layer which serves as a base plate is then patterned (Figure 6b) ; after that, a thick SU-8 layer is spun onto and structured to provide the spiral channel pattern (Figure 6c) ; by etching the sacrificial layer the spiral channel disks are detached from substrate (Figure 6d) .
The spiral channel disk has a diameter of 4.5 mm. The spiral groove forming the spiral channel has a channel width of 400 µm, a height of 800 µm, an angular span of 2π, an inner radius of 1090 µm, and an outer radius of 1770 µm. The assembly of the micropump begins by fixing the SU-8 spiral channel disk onto the rotor segment of the micromotor using a silicone adhesive. Then, this assembly is adjusted on the stator according to the guidance structure. All adjustment steps were done carefully under microscope.
After ensuring the functionality of the motor rotation, a polycarbonate housing including the inlet and outlet ports is fixed onto the stator. Finally, the inlet tube is connected to the fluid reservoir, which is large enough to avoid level changes during operation. The outlet tube is connected to the collection Cu (thickness = 2 µm) SU 8 (thickness = 50 µm)
reservoir placed onto a digital balance. The pumping flow rate is then measured by recording the balance reading at fixed intervals of time. Water was used as a working fluid.
The experimental parameters are the motor speed (spiral channel disk speed) and the pressure at the outlet port (back pressure). The speed ranges between 3000 rpm and 4500 rpm. Experiments were run at different back pressures p that had been realized by level differences between the inlet and the outlet. Readings have been taken after ensuring steady state flow conditions, where the pumped fluid is collected for a fixed interval of time, and the average flow rate is then estimated. Figure 7 shows the nearly linear relation between rotational speed and the flow rate for different back pressures. This supports the validity of implementing the linear lubrication model, which considers dominant viscous force effects, in modeling the flow field in the spiral channel viscous micropump [22] . The maximum flow rate of 1023 µL·min
was achieved at a motor rotational speed of 4500 rpm corresponding to an applied current of 50 mA.
Microstirrer for Microbioreactor Application
In order to screen microorganisms with respect to reaction kinetics, the presence of homogeneous biomass suspension is essential. Homogenization of cell suspension can be improved with an integrated microstirrer, similar to commonly used bioreactors on the macroscale. These reactor systems have been scaled down by different research groups [23] . However, microtechnological processes were exclusively employed for the microfluidic structures, whereas commercially available miniature stirrers were subsequently assembled and externally actuated via commercial magnets or coils. This limits the integration level and thus the size reduction of the microbioreactors. Few attempts to minimize the size of the stirrer have been reported. It has been mentioned that such microcomponents have potential for being integrated into microsystems for biological applications, however, no biological experiments have been reported [24] . As an example, an electromagnetically actuated rotor to mix two liquid phases has been presented [25] . Its stirrer (400 µm in length and 15 µm in thickness) is rotated by an external magnetic field. Another miniaturization attempt has been which is facilitated by the integrated guidance structures. Plasma activation and bonding of all three elements followed. The microstirred-tank reactor was finally equipped with inlet and outlet needles and holds a total volume of 13 µL.
Before cultivations of S. cerevisiae, the reactor was initially rinsed with ethanol for disinfection and flushed with sterile VERDYN-medium. The reactor chamber was then inoculated with a cell concentration of OD 600 nm = 0.4. The microspectrometer (Ocean Optics, Dunedin, FL, USA) automatically recorded spectra for time intervals of 10 min (with an integration time of 7 ms). A microscopic camera (DigiMicro 1.3, Drahtlose Nachrichtentechnik GmbH, Hessen, Germany) simultaneously took pictures of the entire reactor vessel in order to survey the continuous movement of the stirrer and the possibility of its disruption due to generated bubbles. The actuator rotation was set to 120 rpm [27] .
In the first cultivations of S. cerevisiae, the performance of the developed microbioreactor was successfully proven over a time period of approximately 10 h with constant stirring. Figure 9 , right, illustrates the morphology of the produced biomass in the microstirred-tank reactor. Planktonic yeast cells with a form factor (ratio of the height q to the length l of the cell) of 0.85 were observed. This form factor is similar to that attained after the pre-cultivation conducted in shake flasks (Figure 9 , left). Only minimal hyphal growing could be detected, which is usually observed in non-stirred microbioreactors as depicted in Figure 9 , middle, [28] . In those cells, it tended to grow adhesively. The variance in morphology (0.85 in the microstirred-tank reactor compared to 0.5 in the non-stirred microbioreactor) is partially due to the convective fluid profile induced by the microstirrer. This again results in more homogeneous nutrient supply, which suggests submerged cultivation conditions and thus allows for the analysis of reaction kinetics of bioprocesses. Figure 9 . Cell morphology obtained after cultivation in: shake flask "pre-cultivation" (left), non-stirred microbioreactor [28] (middle), and microstirred-tank bioreactor (right).
Conclusions and Outlook for the Future
This paper presented the successful application of synchronous micromotors as integrated driving mechanism in active microfluidic systems (the spiral channel viscous micropump and a microstirrer). Synchronous micromotors rotated successfully the spiral channel viscous micropump up to 4500 rpm, where a flow rate of 1023 µL·min −1 was achieved at applied current of 50 mA. In addition, successful cultivation results of S. cerevisiae have been presented over a time period of approximately 10 h with constant stirring in a microbioreactor.
These results are motivating and encourage further efforts towards the development of electromagnetic based multifunction microfluidic platforms for lab-on-a-chip applications.
